ILLUSTRATIONS
Well-Numbering System: Wells are identified according to the numbering system used by the U.S. Geological Survey throughout Tennessee. The well number consists of three parts: (1) an abbreviation of the name of the county in which the well is located; (2) a letter designating the 7 '/,-minute quadrangle or 7 '/,-minute quadrant of the B-minute quadrangle, on which the well is plotted; and (3) a number generally indicating the numerical order in which the well was inventoried. The number SH:P-99, for example, indicates the well is located in Shelby County on the "P" quadrangle and is identified as well 99 in the numerical sequence. Quadrangles are lettered from left to right, beginning in the southwest corner of the county.
A depression in the water table within the shallow alluvial aqutfer was defined from the water-level data. Drawdowns within the cone of depression are as much as 14 feet lower than the adjoining Wolf River. Recharge from the river and leachate from the landfill moves toward the depression. The presence of leachate within the shallow aquifer was confirmed from determinations of dissolved solids and dissolved chloride concentrations and comparisons with areas away from the aflected zone. Leakage from the water-table aquifer to the Memphis aquifer was confirmed from chemical analyses and hydraulic-head data. Dissolved-solids concentrations in water samples from the upper Memphis aquifer near the landfill are higher than in samples from the Memphis aquifer in unaflected areas. Tritium activities in water samples from the upper Memphis aquifer were as high as 34pico-Curies per liter indicating recent recharge to the Memphis aquifer.
The presence of synthetic organic compounds and elevated concentrations of dissolved solids, chloride, and trace metals indicate the leachate has aflected water quality in the alluvial aqutfer. Vertical migration of ground water could transmit leachate down to the Memphis aquifer. Although water-quality data indicate that water is leaking from the alluvial aquifer to the Memphis aquifer, most of the data do not indicate the occurrence of leachate in the Memphis aquifer. Chemical data from one well in the Memphis aquifer near the landfill indicates a slightly elevated dissolved-chloride concentration, but the data are limited.
INTRODUCTION
The Memphis aquifer is the major source of water for municipal, industrial, and commercial uses in West Tennessee. ,The City of Memphis uses the Memphis aquifer as its only source of water and pumped about 190 million gallons per day from the Memphis aquifer in 1988 (S. Hutson, U.S. Geological Survey, written commun., 1989) . The potential for this resource to be endangered by the possible downward migration of contaminants is a major concern to the City of Memphis, Shelby County, and the State of Tennessee.
In the Memphis area, the Memphis aquifer is overlain and confined by the Jackson-upper Claibome confining layer. The confining layer separates the Memphis aquifer from the shallow water-table aquifer occurring at land surface. Movement of water down to the Memphis aquifer was thought to be prevented by clay layers in the Jackson-upper Claibome confining layer. However, an investigation by Graham and Parks (1986) This report summarizes the findings of the hydrologic investigation at the Shelby County landfill. The objectives of that investigation were to determine:
(1) If vertical leakage from the alluvial aquifer to the Memphis aquifer is occurring near the landfill.
(2) The extent of any leachate migration from the landfill to the alluvial aquifer.
(3) If leachate has migrated to the Memphis aquifer.
The study area included the landfill and its immediate vicinity ( fig. 1 ). The landfill proper occupies an area of about 60 acres south of the Shelby County Penal Farm east of Memphis ( fig. 1 ). Existing and new wells in the alluvial aquifer and Memphis aquifer were used in the study. The segment of the Wolf River adjacent to the landfill was included in the study area to determine whether the stream recharges the aquifer or receives water from the aquifer. 
APPROACH
The approaches used to meet the objectives of the investigation were as follows:
(1) A network of 37 observation wells were drilled in the vicinity of the landfill. These included 28 wells in the alluvial aquifer, 5 wells in the confining layer, and 4 wells in the Memphis aquifer. The network was supplemented with existing wells.
(2) Ground-water ,levels and hydrogeologic data for the alluvial and Memphis aquifers were collected from the wells. Aquifer tests were conducted at two sites to determine the effects of pumpage from the Memphis aquifer on water levels in the alluvial aquifer.
(3) Water samples were collected from 18 wells completed in the alluvial and Memphis aquifers. Chemical and physical analyses of the samples were made to define the quality of the water and the potential occurrence of leakage of leachate from the landfill.
(4) Streamflow measurements were made along the Wolf River during periods of low flow. The measurements were used to determine if recharge from the river, or discharge from the shallow aquifer, occurs near the landfill.
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SITE DESCRIPTION
The Shelby County landfill is located on the Wolf River flood plain on the east side of Memphis ( fig. 1 ). The landfill area is about 4 miles south of the McCord well field operated by the Memphis Light, Gas and Water Division (MLGW) of the City of Memphis, and about 5 miles east of the Sheahan well field also operated by MLGW. The Wolf River flood plain is relatively flat with some levees, drainage ditches, and intermittent streams. Agricultural land, including the Shelby County Penal Farm (Penal Farm), is adjacent to the landfill to the north and east ( fig. 2) . The landfill lies north of the Wolf River, which flows west to its junction with the Mississippi River at Memphis. Landsurface altitudes in the area range from about 250 feet above sea level in the flood plain to more than 300 feet above sea level in the uplands northeast of the landfill.
The Shelby County landfill has been built above the adjacent Wolf River flood plain. The surface of the landfill is 290 feet above sea level, or about 40 to 45 feet higher than the surrounding flood plain. The water-surface elevation of the Wolf River at Walnut Grove Road was about 230 feet above sea level during average flow conditions in 1988 and about 248 feet above sea level during peak flow conditions in 1988 (U.S. Geological Survey, 1989) .
GEOLOGY
The study area is located within the north-central part of the Mississippi embayment, and is underlain by several thousand feet of unconsolidated Cretaceous, Tertiary, and Quaternary age sediments (Cushing and others, 1964) . The formations of interest to this study are the alluvium beneath the Wolf River flood plain and the fluvial deposits of Quatemary age in the adjacent uplands and the Cockfield and Cook Mountain Formations and the Memphis Sand of Tertiary age ( fig. 3 ).
The upper part of the alluvium in the study area consists of about 10 to 15 feet of silty clay and clay. The lower part of the alluvium is composed of 20 to 40 feet of sand and gravel with minor clay and silt (Bradley, 1988) . The sand is predominantly medium to coarse grained and is locally iron stained. The fluvial deposits occur beneath the uplands and valley slopes north and east of the landfill area. These deposits consist of sand and gravel with some minor amounts of clay. The fluvial deposits are in contact with the alluvium near the edge of the Wolf River flood plain.
The alluvium and fluvial deposits are separated from the underlying Memphis Sand by a confining layer, which includes strata equivalent to the Jackson Formation and the Cockfield and Cook Mountain Formations of the upper Claibome Group of Tertiary age. Because of the similarity in lithology, these formations have not been subdivided and the confining layer is referred to as the Jacksonupper Claibome confining layer (Graham and Parks, 1986) . The Jackson-upper Claibome confining layer consists predominantly of clay, silt, and silty or fine-grained sand and is highly variable in thickness.
Individual beds within the Jackson-upper Claibome confining layer are not areally extensive in this area. The clay or silt layers are lenticular and may pinch out rapidly or grade laterally into silty-sand or sand layers. For example, a clay layer occurring at about 60 to 70 feet below land surface at well MS-2 pinches out laterally and is not present at well MS-1 about 50 feet away (fig. 4) .
The Memphis Sand of the Claibome Group underlies the Jackson-upper Claibome confining layer. The upper part of the Memphis Sand consists predominantly of sand with some interbedded silt and clay ( fig. 3) . The upper sand of this formation occurs at about 70 to 135 feet below land surface in the study area (Bradley, 1988) . The Memphis aquifer is a term used to distinguish the hydrologic unit from the geologic Memphis Sand formation. The Memphis aquifer consists of the saturated sands of the Memphis Sand.
STREAMFLOW
The area around the Shelby County landfill is drained by intermittent streams and ditches. All of these intermittent streams and ditches discharge to the Wolf River, a major stream with an average annual discharge of about 1,000 ft3/s (USGS, 1980-89 The loss in flow of the Wolf River from site 1 to Walnut Grove Road is only 16 ft3/s or about 6 per-cent of the total flow of 271 ft!/s. Because of the low percentage involved, some of this difference could be measurement error. However, the general trend of decreasing flow adjacent to the project area indicates a loss of water to the alluvial aquifer was occurring. This is consistent with conclusions based on ground-water levels and direction of groundwater flow in the alluvial aquifer. Groups of wells were installed at two sites. One group of wells is located southwest of the landfill near the Wolf River and consists of six wells: 1, 2, C-l, C-2, MS-l, and MS-2 (fig. 5). These wells were completed at 35.8 and 48.3 feet below land surface in the alluvial aquifer (wells 1 and 2); 108 and 83.5 feet below the surface in the confining layer (wells C-l and C-2); and 170 and 180 feet below land surface in the upper Memphis aquifer (wells MS-l and MS-2). The second group of wells: 30, C-3, MS-3, and MS-4 ( fig. 5 ), is located in a field north of the landfill. This group consists of one well completed at 38.7 feet below land surface in the alluvial aquifer (well 30), one at 55.3 feet below land surface in the confining layer (well C-3), and 100 feet and 97.7 feet below land surface in the upper Memphis aquifer (wells MS-3 and MS-4).
Construction data are summarized in table 2; more detailed information is given in a report by Bradley (1988) . All of the wells were constructed with polyvinyl chloride (PVC) casing and screen. Two existing wells in the study area (SH:Q-55 and SH:Q-89) used for collecting water-quality samples are also listed in table 2.
The wells constructed for this investigation were assigned a project number during the drilling (for example MS-l) and later assigned a formal USGS local number, for example, SH:Q-98. Throughout this report, wells constructed for the project will be identified by the project number. Those wells that were not constructed during this investigation are identified by the USGS local number.
GROUND-WATER HYDROLOGY
The aquifers of concern near the Shelby County landfill are the alluvial aquifer and the Memphis aquifer. These units are separated by the Jackson-upper Claiborne confining layer.
ALLUVIAL AQUIFER
The alluvial aquifer consists of 30 to 50 feet of sand and gravel with some interbedded layers of silt and clay. Water levels in the alluvial aquifer fluctuated about 1 foot during October 1986 to June 1987 ( fig. 6 ). These fluctuations were probably in response to changes in recharge and evapotranspiration. Water levels were generally lowest during October and November. Recharge during winter and early spring typically caused water levels to rise to their highest levels in March, April, and May ( fig. 6 ). Decreased recharge and increased evapotranspiration during the summer caused water levels in the alluvial aquifer to steadily decline from May through October ( fig. 6 ). There is currently (1989) no ground-water use from the alluvial aquifer in the study area. The ground-water-level data from the observation wells in the alluvial aquifer confirmed the occurrence of a depression in the water table north of the landfill. Water-table altitudes in the alluvial aquifer ranged from about 2 16 to 240 feet above sea level. The water-level measurements were used to define a generalized map of the water table ( fig. 7) . The lowest altitudes in the water table occur north of the landfill in a broad elliptical depression. The closed depression is similar to water levels surrounding a pumped well with significant drawdown. At this location there is no pumpage, drain, or similar activity that could account for the depressed water levels.
Typically, in a West Tennessee setting similar to the Shelby County landfill area, ground water from the uplands moves through the alluvial aquifer and discharges along the The Memphis aquifer consists of about 500 to 900 feet of sand with minor clay lenses of the Memphis Sand. Water levels fluctuate in the Memphis aquifer in response to natural conditions and pumping at the well fields (Graham, 1982) . Water levels generally are highest during the spring months and decline during the summer as a result of increased evapotranspiration, increased pumpage, and decreased recharge.
Low water levels occurred in the Memphis aquifer during September through November, with water-level fluctuations of approximately 2 feet in MS-l during 1986 and 1987 (fig. 9 ).
Ground-water flow in the Memphis aquifer in the study area is toward Sheahan and McCord well fields to the west and northwest. The potentiometric surface of the Memphis aquifer ranges from an altitude of about 235 feet above sea level to slightly less than 210 feet above sea level in the study area ( fig. 10 ). Water levels in the wells screened in the Memphis aquifer near the landfill are generally 35 to 37 feet below land surface ( fig. 9 ). These water levels are at lower altitudes than the water table in the alluvial aquifer. Therefore, a downward hydraulic gradient exists to potentially allow water to flow vertically from the alluvial aquifer down to the Memphis aquifer.
Vertical leakage of ground water into the Memphis aquifer from the overlying alluvial and fluvial deposits and the underlying Fort Pillow aquifer were investigated by Graham and Parks (1986) . These investigations found that the movement of ground water down from the alluvial and fluvial (water-table) aquifers to the Memphis aquifer occurs where the confining bed is thin or absent and a downward gradient exists. Downward leakage near the southern part of Sheahan well field has been documented from water-quality data, declines in the water-table altitude, and isotope analyses showing recent water in wells Sh:K-73 and Sh:K-74 in the Memphis aquifer (Graham and Parks, 1986) . The potential for upward migration of water from the underlying Fort Pillow aquifer into the Memphis aquifer also exists, but between these formations, the amount of leakage is small (Graham and Parks, 1986) AQUIFER TESTS AND RESULTS Aquifer tests were conducted at two sites at the Shelby County landfill to estimate the amount of vertical leakage from the alluvial aquifer down to the Memphis aquifer. Wells were installed at each site to monitor water levels in the alluvial aquifer, the confining layer, and the Memphis aquifer. The pumped well at each site was screened in the upper part of the Memphis aquifer. The southern group of wells is located on the southwestern side of the landfill near the Wolf River ( fig. 5 ). Wells 1 and 2 are screened in the alluvial aquifer, C-l and C-2 in the confining layer, and MS-l and MS-2 in the upper Memphis aquifer (table  2) . MS-2 was the pumped well at this site. The second group is located in a field north of the Shelby County landfill (fig. 5) northern group, well 30 is screened in the alluvial aquifer, well C-3 in the confining layer, and wells MS-3 and MS-4 in the Memphis aquifer. Well MS-3 was the pumped well during this test.
The aquifer test at the south group started on July 7, 1987, and continued for 72 hours. Water levels in the wells and the pumping rate were monitored throughout the test (fig. 11) . The initial pumping rate was more than 20 gal/min, but this rate was reduced to 12 gal/min when the water level approached the pump intake at about 120 feet after 5 minutes. This pumping rate, with two exceptions, was maintained throughout the test. Initial drawdowns were observed in all of the observation wells (1, 2, C-l, and MS-l) after the start of the test ( fig. 11 ). Water level in the pumped well was 39.69 feet below the measuring point prior to the start of the test and about 105 feet below the measuring point at the end of the test. Water levels in the observation wells showed little drawdown during the rest of the test but did respond relatively quickly to changes in pumping ( fig. 11) . Changes in the pumping rate during the night of July 8 caused water-level fluctuations in wells 1, 2, C-2, and MS-l. Maximum drawdown in the observation wells were: 0.16 foot in well MS-l, 0.09 foot in C-l, 0.17 foot in C-2, 0.11 foot in well 1, and 0.09 foot in well 2.
The data collected during this aquifer test were inadequate to quantify vertical leakage at this site. Because of the natural fluctuations in water levels and the relatively small amount of drawdown at the observation wells, the data could not be used for reliable calculations. Water levels in the confining layer and the alluvial aquifer responded to changes in the pumping rate in the Memphis aquifer. This indicates that the alluvial aquifer is hydraulically connected to the Memphis aquifer.
Well MS-3 in the northern group was pumped for about 31 hours during July 14 and 15, 1987. The pumping rate was 10 gal/min ( fig. 12 ). About 4 hours after the test started, the pump was shut off briefly and then pumping resumed at 10 gal/min. Only the pumped well and the observation well MS-4 in the Memphis aquifer responded significantly to pumping. Maximum drawdown at the end of the test was 31.34 feet in well MS-3 and 0.54 foot in observation well MS-4. Water levels in both wells 30 and C-3 fluctuated only about 0.05 foot during the aquifer test ( fig. 12 ). Any drawdown that may have occurred in wells 30 or C-3 could not be separated from natural fluctuation or measurement error. About 30 feet of relatively dense clay is present in the confining layer separating the alluvial aquifer from the Memphis aquifer at this site (Bradley, 1988) . The northern group of wells is located in the depression in the water-table surface, and water levels were expected to respond to pumping. Evidently, the pumping stress in the Memphis aquifer was not great enough to affect water levels in the alluvial aquifer or the confining layer.
WATER QUALITY SAMPLING AND ANALYSES
During the study, water samples were collected from 14 wells completed in the alluvial aquifer and 4 wells completed in the Memphis aquifer. Samples were analyzed for major and trace inorganic constituents, total organic carbon, and selected volatile organic compounds. A scan for the presence of semivolatile organic compounds using a gas chromatograph equipped with a flame ionization detector (GC/FID) was also conducted on samples from each well.
Samples from the alluvial aquifer were collected after purging the wells with a 2-inch, stainless-steel, submersible pump. A minimum of five casing volumes of water was purged and sampling was conducted after temperature, pH, and specific conductance stabilized. Standard procedures for the collection of the samples were followed to ensure that samples represented water from the aquifers sampled (Claassen, 1982) . Water-quality analyses of these samples were performed at the USGS National Laboratory in Denver, Colorado, using standard methods (Brown and others, 1970; Wershaw and others, 1987) . Analyses of water from other selected wells were conducted by the Tennessee Department of Health and Environment, Division of Solid Waste Management.
ALLUVIAL AQUIFER Natural water quality in the alluvial aquifer in Shelby County is variable due to the heterogeneous nature of the deposits. The water quality is affected by the occurrence and type of clay layers, the presence and decomposition of organic material, and the occurrence of ferrugineous sand. The alluvial aquifer in the Memphis area generally contains a calcium-bicarbonate water with dissolved-solids concentrations ranging from 197 to 652 milligrams per liter (mg/L) and a median concentration of 314 mg/L (Brahana and others, 1987) . The water from the alluvial aquifer is typically very hard, having a median hardness value of 285 mg/L as CaCO,. Dissolved-iron concentrations in 11 water samples from Shelby County wells in the alluvial aquifer ranged from 200 to 24,000 pg/L with a median concentration of 5,200 pg/L (Brahana and others, 1987) .
The concentrations of dissolved solids in the alluvial aquifer in the study area ranged from 47 to 932 mg/L ( fig. 13, table 3 ). The distribution of the dissolved-solids concentrations shows the effect of surface-water infiltration and leachate migration from the Shelby County landfill (fig. 13 ). The concentrations of dissolved solids in parts of the alluvial aquifer unaffected by the leachate ranged from less than 100 mg/L near the Wolf River to more than 300 mg/L to the north and southeast of the landfill. In areas affected by leachate migration, dissolved-solids concentrations ranged from 340 to 932 mg/L. Dissolvedchloride concentrations in ground water in unaffected areas generally ranged from about 3 mg/L to about 9 mg/L. Concentrations of dissolved chloride ranged from 7.5 to 91 mg/L where the ground water is affected by leachate migration from the landfill ( fig. 14) .
Concentrations of trace inorganic constituents also indicate leachate migration north from the landfill into the alluvial aquifer. Concentrations of dissolved barium were 120 to 610 pg/L in the areas north of the landfill; and were generally less than 100 pg/L south and east of the landfill ( fig. 15, table 3 ).
Anomalously high concentrations were detected in water from some wells which, based on estimated flow direction, would not be affected by leachate migration. These concentrations were detected in water from wells 8A and 16 ( fig. 5 ). Water from these wells had relatively high concentrations of sodium, chloride, and barium (table 3). These wells may have been affected by localized, nonpoint sources of contamination. Very high concentrations of iron and manganese (31,000 pg/L and 1,300 pg/L, respectively), were detected in water from well 4A (table 3). The source of these high concentrations is uncertain, but may have been from the ferrugineous sands encountered during drilling. Iron concentrations in the alluvial aquifer in other parts of Shelby County are as high as 24,000 pg/L (Brahana and others, 1987 
MEMPHIS AQUIFER
Water in the Memphis aquifer in the Memphis area is generally a calcium bicarbonate type with dissolved-solids concentrations ranging from 32 to 333 mg/L and a median of 83 mg/L (Brahana and others, 1987) . The water quality in the Memphis aquifer varies areally. Dissolved-solids concentrations generally increase toward the west and north. The dissolved-solids concentrations in water from the Memphis aquifer in the area around the Shelby County landfill range from 43 to 122 mg/L (table 4) with an average concentration of 70 mg/L and a median concentration of 68 mg/L.
Water-quality samples were collected from four wells completed in the Memphis aquifer in the vicinity of the Shelby County landfill (table 3) . Three of these wells, MS-2, MS-3, and MS-4, were installed during this study, and the fourth well (SH:Q-89) is an irrigation well east of the landfill (fig. 5 ). ::
Concentrations of dissolved solids generally increase from about 44 mg/L to about 84 mg/L toward the west (fig. 16 ). The dissolved-solids concentrations are highest in water from wells in the southern part of Sheahan well field and from wells just north of the Shelby County landfill. In these two areas, dissolved-solids concentrations are greater than 100 mg/L (fig. 16 ).
The concentration of dissolved chloride in the Memphis aquifer can also be used as an indicator of potential leakage from the alluvial aquifer. Dissolved-chloride concentrations in water from wells in the Memphis aquifer within a lo-mile radius of the landfill generally were less than 28 mg/L. Dissolved-chloride concentrations were 17 mg/L in water from well MS-3 just north of the landfill ( fig. 17) .
The water quality of the Memphis aquifer near the Shelby County landfill indicated a significant difference in dissolved-solids concentrations between the upper and lower parts of the Memphis aquifer. Samples from wells drilled into the upper part of the aquifer just below the confining layer (MS-2, MS-3, MS-4) had dissolved-solids concentrations that ranged from 61 to 146 mg/L. In comparison, a sample from the deeper irrigation well (SH: Q-89) contained a dissolved-solids concentration of 43 mg/L (table 3). Higher dissolved-solids concentrations in the upper part in the Memphis aquifer could be due to vertical leakage from the alluvial aquifer. This comparison, however, is based on only one analysis from the deeper well.
POTENTIAL EFFECTS OF VERTICAL LEAKAGE
Vertical leakage downward from the alluvial aquifer could affect the water quality of the underlying Memphis aquifer. In Shelby County dissolved-solids concentrations are, on the average, about four times higher in water from the alluvial aquifer than in water from the Memphis aquifer (314 mg/L in the alluvial aquifer and 83 mg/L for the Memphis aquifer, Brahana and others, 1987) . The downward movement of water from the alluvial aquifer could, therefore, increase the dissolved-solids concentrations in the upper part of the Memphis aquifer. Leachate from the landfill, which could have an even higher dissolvedsolids concentrations than water from the alluvial aquifer, could have a more pronounced effect on the quality of water in the Memphis aquifer. A statistical test can be applied to determine if the difference in dissolved-solids concentrations between water from the alluvial aquifer in the upper Memphis aquifer near the landfill and the Memphis aquifer in other areas are significant. The Wilcoxon-Mann-Whitney test for two populations was used for this purpose (Iman and Conover, 1983) .
The Wilcoxon-Mann-Whitney test is a non-parametric statistical analysis that can be used to compare the differences between two populations at a given significance level. The first test was conducted to determine if there is a significant difference between the dissolvedsolids concentrations in the upper Memphis aquifer near the landfill (wells MS-2, MS-3, and MS-4) and the dissolved-solids concentrations for the Memphis aquifer in areas not affected by vertical leakage. Wells MS-2 and MS-4 were each sampled twice (table 3) . For the purpose of the statistical analyses described below, the dissolved-solids concentrations of samples collected at the end of the aquifer tests were used (61 mg/L for MS-2 and 123 mg/L for well MS-4). Dissolved-solids concentrations for the Memphis aquifer in areas unaffected by leakage were those of samples from wells outside the Shelby County landfill area and away from South Sheahan well field where slightly elevated concentrations were found ( fig. 16; table 4) . By use of the procedure described in Iman and Conover (1983) a test statistic (T) was calculated for the data sets and compared to a test value (t) based on the level of significance selected. A comparison of the two data sets for the Memphis aquifer indicated that the test statistic (T) was 1.90 and the test value (t) at a 0.05 level of significance was 1.708. At the 0.05 level of significance, T > t, and the hypothesis that the data sets are similar is rejected (Iman and Conover, 1983) . The Wilcoxon-Mann-Whitney test indicates that there is a significant difference between dissolved-solids concentrations in water from the wells representing background conditions in the Memphis aquifer and those in the upper part of the Memphis aquifer near the Shelby County landfill. It should be noted, however, that this analysis is based on data from only three wells completed in the upper Memphis aquifer. Consequently, the results of the analysis cannot be considered as conclusive.
A second test was conducted to determine if the dissolved-solids concentrations in the area of the alluvial aquifer unaffected by the landfill and those in the upper part of the Memphis aquifer near the landfill were significantly different. Wells selected in the alluvial aquifer were 1, 2, 4A, 7, 19, and 20. Values determined by the Wilcoxon-Mann-Whitney test were, T = 1.02 and t = 1.81 at a 0.05 significance level. Because T C t, the null hypothesis is accepted that there is no significant difference between dissolved-solids concentrations in water in the alluvial aquifer and in the upper part of the Memphis aquifer near the Shelby County landfill. As with the previous analysis, however, this conclusion was based on a small number of wells.
Another indication of vertical leakage is evidence of recent recharge to the upper Memphis aquifer. The relative age of the recharge water can be roughly dated by an analysis of tritium activity in ground water. Tritium is a radioisotope of hydrogen that occurs in water from both man-made and natural processes. Beginning in 1953, large quantities of tritium were released as the result of atmospheric testing of nuclear weapons (Freeze and Cherry, 1979) . The testing effectively 'tagged' the precipitation that recharged the ground-water system with high quantities of tritium. Water that entered the ground-water system prior to 1953 is expected to have a tritium activity generally less than 1 picocurie per liter (pCi/L), because of the relatively low quantities of naturally occurring tritium in precipitation and the short half-life of tritium.
Samples for tritium analyses were collected from two wells in the alluvial aquifer (wells 1 and 30), three wells in the upper part of the Memphis aquifer (wells MS-2, MS-3, and MS-4), and one well in the lower part of the Memphis aquifer (well SH:Q-89) (table 5). The measured tritium activities were 29 and 30 pCi/L in the alluvial aquifer, 2.2 to 34 pCi/L in the upper part of the Memphis aquifer, and less than 0.3 pCi/L in the lower part of the Memphis aquifer (table 5) .
The tritium data confirms the occurrence of recent ground-water recharge to the upper Memphis aquifer, an indication of leakage from the alluvial aquifer down to the Memphis aquifer near the Shelby County landfill. In water from the well group south of the landfill, the tritium activity was 29 pCi/L in the alluvial aquifer at well 1 and 34 and 31 pCi/L in two samples from well MS-2 in the upper part of the Memphis aquifer. This indicates that recent water (post-1953) has percolated downward from the alluvial aquifer into the Memphis aquifer at the well site south of the landfill. Tritium activity in the alluvial aquifer at the northern well group was 30 pCi/L in well 30 (table 5). In the upper part of the Memphis aquifer at the northern group, the tritium activities are 15 and 2.2 pCi/L in wells MS-3 and MS-4, respectively. The figure 18 .
LEACHATE MIGRATION
The migration of leachate from the landfill to the alluvial aquifer was determined from data collected from the shallow wells. This was an important element of the study because the potential for leakage from the alluvial aquifer to the Memphis aquifer had been demonstrated. The occurrence of leachate was documented from analyses of water samples from wells in the alluvial aquifer that indicate high concentrations of dissolved solids, trace elements, and synthetic organic compounds. These results were as follows: (table 6 ). The scans for organic compounds utilized a gas chromatograph with flame-ionization detection (GUFID) to qualitatively determine the presence and relative concentration of organic compounds (Wershaw and others, 1987) . The presence of this group of organic compounds is indicated by nonblank peaks on a chromatograph ( fig. 20) . The chromatograph for water from the alluvial aquifer in an area affected by leachate (well 27) had a greater number of peaks than the chromatograph of water in an unaffected area (well 7).
0
The area under the curve of the chromatograph was used to estimate concentrations of organic compounds present in the ground water (table 6). The estimated concentrations ranged from 5 to 161 pg/L but generally were less than 20 pg/L ( fig. 21 ). Estimated concentration were highest in wells 26 and 27 with 130 and 161 FglL, respectively (table 6, fig. 21 ). The estimated concentrations generally decreased away from the landfill ( fig. 21 ). Estimated concentrations in the Memphis aquifer were 12 pg/L at MS-2, and 14 and 17 pg/L at MS-4. 
SUMMARY AND CONCLUSIONS
The area near the Shelby County landfill is underlain by the alluvial aquifer, the Jackson-upper Claiborne confining layer, and the Memphis Sand. The confining layer separates and hydraulically isolates the alluvial aquifer from the underlying Memphis aquifer. In some areas, the confining layer may be thin, absent, or contain a high percentage of sand. If a downward vertical gradient exists, water from the alluvial aquifer may recharge the upper part of the Memphis Sand. concern that leachate from the landfill could possibly migrate downward to the upper part of the Memphis aquifer. An investigation of the possible vertical movement of water downward to the Memphis aquifer and potential leachate migration from the landfill indicated that:
(1) Leakage from the alluvial aquifer down to the Memphis aquifer is occurring through a more permeable zone in the Jackson-upper Claibome confining layer near the Shelby County landfill.
(2) Leachate from the landfill has affected water quality in the alluvial aquifer and could potentially enter the Memphis aquifer by leakage. -------------------------------------- the alluvial aquifer is evidence of the presence of recent water in the Memphis aquifer due to downward leakage from the alluvial aquifer.
(7) Leachate migration from the landfill has affected the water quality in the alluvial aquifer. The effect of leachate migration is indicated by elevated concentrations of dissolved solids (340 to 932 mg/L), dissolved chloride (7.5 to 9 1 mg/L), and dissolved barium (120 to 610 PglL).
(8) Estimated concentrations of synthetic organic compounds in the alluvial aquifer were 5 to 68 FglL in areas not affected by leachate and 17 to 161 pg/L in affected areas.
(9) The quality of water in the Memphis aquifer near the landfill has been affected by water from the alluvial aquifer. Water-quality data from this investigation, however, do not conclusively indicate the migration of leachate down to the Memphis aquifer from the landfill. The occurrence of dissolved chloride at a concentration of 17 mg/L in samples of water from a well drilled into the Memphis aquifer could be the result of leachate migration.
